Electrodynamics of the Nodal Metal in Weakly Doped High-T c Cuprates 
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We report on the detailed analysis of the infrared (IR) conductivity of two prototypical high-T c 
systems YBa2Cu30 y and La2- a: Sr I Cu04 throughout the complex phase diagram of these com- 
pounds. Our focus in this work is to thoroughly document the electromagnetic response of the 
nodal metal state which is initiated with only few holes doped in parent antiferromagnetic systems 
and extends up to the pseudogap boundary in the phase diagram. The key signature of the nodal 
metal is the two-component conductivity: the Drude mode at low energies followed by a resonance in 
mid-IR. The Drude component can be attributed to the response of coherent quasiparticles residing 
on the Fermi arcs detected in photoemission experiments. The microscopic origin of the mid-IR 
band is yet to be understood. A combination of transport and IR data uncovers fingerprints of the 
Fermi liquid behavior in the response of the nodal metal. The comprehensive nature of the data sets 
presented in this work allows us to critically re-evaluate common approaches to the interpretation of 
the optical data. Specifically we re-examine the role of magnetic excitations in generating electronic 
self energy effects through the analysis of the IR data in high magnetic field. 

PACS numbers: 74,25.Gz, 74,72.Bk 
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I. INTRODUCTION 

Recent experimental studies of weakly doped cuprates 
have revealed a novel enigmatic state: the nodal 
metalfi 2 *^^ This state is realized with only few holes 
introduced in parent antiferromagnetic (AF) insulators 
where doped materials still show AF ordering or the so- 
called spin-glass regime at low temperatures and extends 
throughout the notorious pseudogap region. Spectro- 
scopic signatures of this electronic state include a Drude- 
like response in the optical conduct ivitji 3 ^ and a quasi- 
particle (QP) peak on the nodal "Fermi arc" seen in 
the photoemission data£ The electronic mobility and 
the Fermi velocity of nodal QP, as well as their opti- 
cal effective mass, remain virtually unchanged as doping 
progresses to much higher carrier density where super- 
conductivity is optimized»ii2ii All of these observations 
contradict a common characterization of the AF-ordered 
region of phase diagram as "antiferromagnetic insulator" . 

Carrier dynamics in the nodal metal is strongly 
influenced by unidirectional spin and/or charge self- 
organization effects commonly referred to as stripes^ 
Unambiguous manifestations of stripes can be found 
through experiments probing the anisotropy of conduc- 
tivity within the nearly square Cu02 planes^ Infrared 
(IR) experiments carried out with polarized light reveal 
the enhancement of optical conductivity along the "spin 
stripes" direction in La2_ x Sr x Cu04 (LSCO)^ and along 
the ripples of the electron density in the CuC>2 planes in 
YBa 2 Cu 3 0j, (YBCO)ii 

The carrier density n in the nodal metal varies linearly 
with doping: a result that became established shortly 
after the discovery of high-Tc superconductors^ and de- 
tailed in more recent studiesiii*i£ An important con- 



sequence of the n oc x relationship is a dramatic sup- 
pression of the resistivity probed with currents along the 
Cu02 plane as one proceeds from antiferromagnetically 
ordered phases to over-doped metals. It is rather sur- 
prising that dynamical characteristics of charges includ- 
ing the electric mobility^ the nodal Fermi velocity^ or 
quasiparticles optical mass m*— reveal negligible changes 
throughout the phases diagram. 

In this paper we report on a detailed study of the nodal 
metal state in YBCO: a prototypical high-Tc supercon- 
ductor carried out using untwinned single crystals for ten 
different dopings between y = 6.28 and y = 7.00. These 
new results unveil the evolution of the electromagnetic re- 
sponse as doping progresses from AF-ordered phase to su- 
perconducting materials. New data allow us to compre- 
hensively test and re-examine common approaches to an- 
alyze the electrodynamics of cuprates. We show that the 
IR signatures of the nodal metal involve a two-component 
conductivity: the Drude mode at low energies followed 
by a resonance in mid-IR. The Drude component can be 
attributed to the response of coherent QP residing on the 
Fermi arcs; the microscopic origin of the mid-IR band is 
yet to be thoroughly understood. The two-component 
conductivity extends to the pseudogap boundary in the 
phase diagram at T*. We find similar trends in the re- 
sponse of the LSCO system and conclude that the nodal 
metal state is a hallmark of the electrodynamics of the 
pseudogap regime. In order to narrow down the range of 
possible microscopic interpretations of the mid-IR struc- 
ture we have carried out studies of the y — 6.65 single 
crystal in high magnetic field (H). These experiments al- 
low one to assess the possible role of magnetic fluctuation 
in the QP dynamics. Our findings are at odds with the 
idea of the dominant role of magnetic resonance seen in 



2 



neutron scattering experiments in mid-IR response. 

This paper is organized as follows: In Sec. II we report 
on experimental details of crystal preparation, character- 
ization, and reflectance measurements. The DC resistiv- 
ity, the Hall coefficient, and the raw reflectivity data for 
YBCO detwinned single crystals are also discussed in this 
section. Section III is devoted to the survey of the optical 
conductivity with variation of doping and temperature. 
Characteristic features of the conductivity are discussed 
in the context of the phase diagram of YBCO system. 
Section IV is focused on the analysis on the optical con- 
ductivity in terms of two competitive approaches: single- 
component and multi-component descriptions. A simple 
two-component model is shown to grasp the gross trends 
in the evolution of the conductivity throughout the entire 
doping and temperature range. In Sec. V we investigate 
the transformation of the optical conductivity below T c . 
It is found that the dominant contribution to the su- 
perconducting condensate originates from the coherent 
quasiparticles on the Fermi arc. In Sec. VI we discuss 
measurements in high magnetic fields carried out for y = 
6.65 crystal with the goal to address the role of the mag- 
netic resonance in the Cu02 plane optical conductivity 
of YBCO. Changes of reflectivity spectra with magnetic 
field are simulated within the framework of the electron- 
boson coupling theory, and compared with experimental 
results. In Sec. VII we analyze some of the implications 
of new experimental results focusing on common trends 
between the YBCO and LSCO series as well as on the 
possible origin of the mid-IR absorption. Summary and 
outlook of this work are presented in Sec. VIII. 



II. EXPERIMENTAL DETAILS AND RAW 
DATA 

We investigated detwinned YBCO single crystals with 
oxygen content y = 6.28, 6.30, 6.35, 6.40, 6.43, 6.50, 6.55, 
6.65, 6.75, and 7.00. A summary of the Neel tempera- 
tures Tjv for AF ordered samples and of superconduct- 
ing transition temperatures T c for superconducting spec- 
imens is given in Table Im&H Single crystals were grown 
by a conventional flux method in Y2O3 crucibles and 
detwinned under uniaxial pressure at CRIEPIiH Note 
that the quality of these crystals is comparable to those 
grown in BaZr03 crucibles, as is evidenced by the ther- 
mal conductivity data below T c i^ Annealing under uni- 
axial pressure also aligns chains fragments along the b- 
axis in non-superconducting YBCO (y — 6.28 - 6.35). 
The typical sizes of the nearly rectangular samples are 
~ 1 x 1.5 mm 2 in the ab plane with the sub- millimeter 
thickness. Detwinned single crystals allow us to investi- 
gate the response of the Cu02 plane (a-axis) unperturbed 
by contributions due to the chain structures along the b- 
axis. In this paper, we restrict our study to the a-axis 
optical spectra; we reported on the electrodynamics as- 
sociated with the chain segments in heavily underdoped 
YBCO in two other publications^*^ 
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FIG. 1: (a) Dc resistivity and (b) Hall coefficient curves for 
y — 6.28 - 6.75 single crystals. The arrows represent Tjv for 
AF samples. The T N for y = 6.28 is above 300 K. 



TABLE I: Summary on transition temperatures of the YBCO 
samples analyzed in this paper. Neel temperature Tjv is deter- 
mined from the c-axis resistivity measurement [A.N. Lavrov 
et al, Phys. Rev. Lett. 83, 1419 (1999)]. Superconducting 
transition temperature T c is determined by the onset temper- 
ature of pdc(T) = 0. 

Z 6.28 6.30 6.35 6.40 6.43 6.50 6.55 6.65 6.75 7.00 



T N (K) ^,300 230 



Tc (K) 



13 31 



60 65 92 



The DC resistivity Pdc(T) and Hall coefficient R H {T) 
curves of the YBCO samples studied in this paper are 
displayed in Fig. lii*i^ At moderately high T p^ c shows 
a metallic behavior in all samples including those that 
order antiferromagnetically ( y j 6.40) [top panel] i This 
metallic behavior persists well below T^. At low T one 
can notice a negative slope of the resistivity in both non- 
superconducting samples (y — 6.28 - 6.35) as well as in 
superconducting specimens (y = 6.40 and 6.43). Resis- 
tivities for y = 6.65 and 6.75 samples overlap between 
70 and 140 K; this is a peculiar behavior associated with 
the so-called 60 K-phase anomaly.' 13 In the underdoping 
range the Hall coefficient does not show a strong T de- 
pendence and therefore data in the bottom panel of Fig. 1 
can be used for obtaining a rough estimate of the carrier 
density from Rh(T) (Rh = 1/ne). 
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FIG. 2: Reflectance spectra for y = 6.28 - 6.75 single crystals 
measured at 10 K (thick lines) and 293 K (thin lines). For 
clarity, reflectance spectra are shown in the range from to 
1.02 on the vertical axis for highly reflective samples with y 
> 6.43. 



Reflectivity spectra R(ui) at nearly normal incidence 
were measured with polarized light at frequencies from 
20 to 48000 cm -1 and at temperatures from 10 to 293 
K at UCSD. A in-situ gold-coating technique was em- 
ployed for reference spectral Far-IR reflectance of ac- 
tual gold films R9° ld (uj) was evaluated from measure- 
ments of DC resistivity using the Hagen-Rubens formula 
and mid- and near-IR reflectivity of the gold coatings was 
directly determined using ellipsometric measurements. 
T-dependence of R 9 ° ld (uj) has to be taken into account 
for calibration in far-IR range. Thus the obtained data 
for R 9 ° ld {uj) at various temperatures were used to gener- 
ate absolute reflectivity for all studied samples. 

In Fig. 2 we show R(u>) for polarization of the E vec- 
tor along the a-axis measured at 10 K and 293 K. A 
common feature of R{uj) traces is their 'metallic charac- 
ter': all spectra reveal an increase of the absolute value 
with lowering oj starting from a 'plasma minimum' at 
~ 10,000 cm -1 . The magnitude of the reflectance in 
far-IR increases with doping so that the contribution of 
the transverse optical phonon modes becomes less pro- 
nounced. With T decreasing, the low frequency 
increases significantly, whereas the change in the mid-IR 
is fairly small. For y = 6.28 and 6.30 where the low T 
resistivity shows a semiconducting behavior below Tl oc , 
spectra measured at 10 K and 80 K cross at the lowest fre- 
quencies (80 K data are not shown). As will be detailed 



in Sec. Ill, this latter effect is due to the modification of 
charge dynamics by disorder. 



III. DOPING TRENDS IN THE OPTICAL 
CONDUCTIVITY 

The complex optical conductivity spectra <r(w) = 
o~±(uj) + ioi{io) were obtained from R(lo) using the 
Kramers-Kronig (KK) transformation. The KK-derived 
results are consistent with those determined indepen- 
dently by ellipsometry in the near-IR and visible regions. 
These results are presented in the left panels of Fig. 
3 where we plot the a-axis a\{u) spectra at 10 K and 
293 K. For superconducting crystals we also show data 
at T ~ T c . The sharp peaks below 700 cm -1 are due 
to transverse optical phonon modes. In all samples we 
find evidence for a charge transfer (CT) gap near 10,000 
cm ; this feature is especially evident in most weakly 
doped compounds, but can be recognized even in the data 
for the y = 6.75 crystal. The intra-gap conductivity of 
all materials also reveals common patterns that become 
particularly clear in the low-T spectra (thick lines). We 
find that the low-T spectra in the heavily underdoped 
region are composed of two separate absorption features: 
a coherent mode ( at u> < 600 cm -1 ) followed by a mid- 
IR absorption at 0.5 - 0.6 eV~ The mid-IR structure 
is virtually T-independent, whereas the coherent mode 
significantly narrows at low T. As the doping increases 
the mid-IR absorption gradually shifts to lower frequency 
from ~ 5,000 cm -1 in the y — 6.28 sample down to 
^1,300 cm -1 for y — 6.75, still distinguished from the 
well-developed coherent mode. 

A remarkable result presented in Figs. 3 and 4 is a 
conventional Drude behavior of an antiferromagnetically 
ordered crystal with y = 6.35»* (The details of the Drude 
fits are presented in Fig. 6.) This result conflicts with 
a common reference to weakly doped phases as 'antifer- 
romagnetic insulator s J since the conventional Drude re- 
sponse is a standard characteristic of metallic transport. 
The weak upturn in Pdc(T) at T < 20 K [Fig. 1] is most 
likely caused by disorder-induced localization. Signatures 
of localization can be identified in the w-dependence of 
the conductivity measured for samples with y < 6.30, 
where the coherent contribution to the conductivity re- 
veals a peak at finite far-IR frequencies^ Importantly, 
the response of all crystals remains gapless down to the 
lowest lj as evidenced by a substantial spectral weight in 
the a(oj) down to co — > 0. It is also found that at the low- 
est frequencies (~ 40 - 50 cm -1 ) the optical conductivity 
is in good agreement with the pdc values. This agree- 
ment holds at all temperatures. Based on this agreement 
with the transport data we conclude that no dramatic 
changes are likely to occur in the IR data at frequen- 
cies below our lower cut-off. For this reason we believe 
that the negative slope of the low T resistivity in weakly 
doped YBCO is not due to the opening of the insulating 
gap. Instead we attribute this behavior to a band-like 
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FIG. 3: Spectra of the a-axis conductivity ai(ui) [left pan- 
els] and of the scattering rate 1/t(u>) [right panels] extracted 
from the extended Drude model as described in the text for 
a series of YBCO single crystals. Thick solid lines show the 
data at lowest temperature in the normal state: 10 K for 
non-superconducting crystals y — 6.28 - 6.40 and T ~ T c 
for superconducting compounds y = 6.43 - 7.00. The solid 
triangles in the left panels mark the positions of the mid-IR 
absorption bands. In right panles for y = 6.65 and 6.75, the 
dashed lines represent the linear oj-dependence. 



response even in lightly doped samples that is modified 
by weak localization. 18 ! 19 ! 20 ! 21 

It is instructive to discuss the evolution of the con- 
ductivity spectra both with temperature and doping in 
the context of the phase diagram of YBCO system. The 
pseudogap boundary at T* is associated with the forma- 
tion of the partial (incomplete) gap in the spectrum of the 
low-energy excitations^ Spectroscopic signatures of the 
pseudogap are most clearly seen in the interplane c-axis 
optical conductivity showing a depletion of the far-IR 
spectral weight below T* Changes of the in-plane re- 
sponse probed in the polarization E || Cu02 attributable 
to the pseudogap are much more subtle. These changes 
are usually discussed using the extended Drude formal- 
ism that we will introduce in Section IV. However both 
the comprehensive nature of the data set presented in 
Fig. 3 and the quality of these spectra allow one to iden- 
tify important trends directly in (J\(lo) spectra. One dif- 
ference from the earlier studies 2 ^* 2 ^ is that we are now 
confident to display T-dependent spectra up to 2 eV ow- 
ing to both improvements in reflectance measurements 
and to availability of ellipsometric results in near-IR and 
visible ranges. At T > T* we observe a broad spectrum 
extending from lu = to the CT frequency (top right 
panel of Fig. 4). This response can be characterized 
as single-component since multiple absorption features 
cannot be unambiguously singled out. Crossing the T* 
boundary in Fig. 4 either vertically (by changing temper- 
ature at constant y) or horizontally (by changing doping 
at constant T) yields similar results. Indeed, two distinct 
absorption structures are affiliated with the entire green 
(or gray) region of the phase diagram. These structures 
include a Drude mode at the lowest frequencies and mid- 
IR band. Similarities are especially clear when the low-T 
data are compared (the middle panels of Fig .4). The 
main distinction in the latter spectra taken for y = 6.43 
and 6.75 compounds is in the frequency position of the 
mid-IR band at Lu m id- The softening of this feature with 
increasing doping is continuous as clearly seen in Figs. 
3 and 5. As pointed out above, this two-component re- 
sponse is among the signatures of the nodal metal de- 
tected in AF sector of the phase diagram (bottom left 
panel in Fig. 4). We therefore conclude that the nodal 
metal characteristics extend throughout both the AF and 
pseudogap regions of the phase diagram. 

A conspicuous aspect of the phase diagram is that the 
electromagnetic response of YBCO is radically altered 
below the crossover temperature T* (one-component — > 
two-component transformation). This is surprising since 
the T* boundary is rather 'soft' given that no phase tran- 
sition can be linked to T* . At the same time, a true phase 
transitions leading to the formation of the long range 
antifcrromagnetism does not trigger significant modifica- 
tions in the optical data. This is especially surprising in 
the context of a sharp onset of superconductivity near 
y = 6.40. Also data for both YBCO and LSCO con- 
vincingly show that a certain minimum concentration of 
dopants is needed to initiate superconductivity. How- 
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FIG. 4: (color online) Mapping of the representative optical spectra to the phase diagram in a range from the heavily underdoped 
to the pseudogap state. The yellow circles represent y and T for the corresponding spectra. Black symbols represent transition 
temperatures of the samples studied in the paper. Tloc is a crossover temperature signifying a semiconducting upturn in p a (T). 
It is noted that Tloc is much below Tjv, which indicates that the semiconducting behavior is irrelevant to a long range of the 
AF-ordered state. 



ever, we are unable to recognize substantial distinctions 
between the response of AF-ordered and superconduct- 
ing crystals apart from mild increase in the oscillator 
strength of both coherent and mid-IR contributions to 
<7i(w) spectra. 



IV. UNDERSTANDING THE OPTICAL 
CONDUCTIVITY TRENDS: 
SINGLE-COMPONENT VERSUS 
MULTI-COMPONENT DESCRIPTION 

Two principal approaches are commonly used to de- 
scribe the in-plane electromagnetic response of high-T c 
cuprates: multi- component and one-component modeliSi 
Within the latter approach it is assumed that the sole 
cause of the frequency dependence of cr(u)) is the response 
of itinerant carriers which acquire frequency dependent 
scattering rate 1/t(uS) and frequency dependent mass 
m*(u>) as the result of strong interactions in a system. 
The l/r(u>) and m*(oj) spectra can be evaluated using 
the extended Drude model (EDM): 



i 



Att 1/t(u>) — iu>m*(u>) ' 



(1) 



where lo p is the plasma frequency usually inferred from 
the integration of o~i(uj) up to the energy of the CT exci- 



tation. The multi-component approach (Eq. 0) describes 
the functional form of the conductivity spectra using a 
set of (at least two) Lorentzian oscillators: 



A~kij{lj) 



(2) 



In this equation the first term stands for the Drude re- 
sponse of the free carriers; lo Pj d is the Drude plasma fre- 
quency, and Td is the scattering rate of the free carriers. 
The second term stands for the response of bound charges 
and has the form of a Lorentzian oscillator centered at 
w c with a plasma frequency uj p .l and scattering rate Tl. 
Particular microscopic scenarios leading to these terms 
will be discussed in Section VII. 

A debate on both merits and pitfalls of the two sce- 
narios (Eqs. 1 and 2) goes back to the early days of 
high-T c superconductivityi 28 i 29 Here we will focus on the 
behavior of \/t(uu) = Lo^jA-K ■ Re[l/a(w)] pertaining to 
the problem of the pseudogap. The right panels of Fig. 
3 uncover the evolution of 1/t(u) with temperature and 
doping. The bottom panels presenting the 1/t(u>) data 
for the y = 6.65 and = 6.75 crystals are in good agree- 
ment with the earlier results for underdoped YBCO. 25 
1/t(cj) is nearly linear in to at room temperature but 
shows a characteristic threshold structure near 500 cm -1 
at T < T* . It is this depression that is usually associated 



with the pseudogap state 
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FIG. 5: (Top panel) Doping dependent <Ti(o») at 10 K or 
at T ~ To) for y = 6.30, 6.35, 6.43, 6.50, 6.55, and 6.75. 
For clarity, the sharp phonon structures are removed. Inset 
shows the <7i(w) up to 30,000 cm -1 for y = 6.30 and 6.75. 
(Bottom panel) Doping dependences of the peak position of 
mid-IR absorption oj m id (solid square) and the pseudogap on- 
set temperature T* (open square) quoted from Ref. 22. The 
Wmid/ kaT* values are estimated to be 7 - 9. 



K for the y = 6.65 sample but is reduced down to ~ 200 
K for the y = 6.75 compound. In the latter material we 
also find a parallel offset of the l/r(w) for T > T* . It 
has been also asserted that this form of 1/t(u>) spectrum 
is indicative of coupling of QP to a (bosonic) mode oc- 
curring in the vicinity of the threshold structurei^SiiSM 
New unexpected features of the in-plane electrodynam- 
ics are uncovered by the data for heavily underdoped 
materials (top right panels in Fig. 3). In these materials 



TABLE II: Summary of parameters for two-component model 
spectra o\m(u;) and 1/tm(uj) spectra shown in Fig. 6. oj p ,d 
the plasma frequency and Td the scattering rate for coherent 
mode; u) P) l the plasma frequency, Fl the width, and uj c the 
position of the Lorentzian oscillator; uj p .m is the total plasma 
frequency for 1/tm(w). All parameters are given in cm" 1 . 
Data in parenthesis are for the low-T spectra (thin lines in 
Fig. 6). 
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FIG. 6: Left panels: ai(u>) for (a) y = 6.35 and (c) y = 6.65 
crystals. The dotted and the dot-dashed lines represent con- 
tributions due to the Drude mode and Lorentzian oscillator, 
respectively. The thick (thin) lines are for low (high) T. Fit- 
ting parameters are summarized in Table II. Right panels dis- 
play modeled scattering rate 1/tm(w) with fitting parameters 
for (b) y — 6.35 and (d) y = 6.65 crystals. 



the 1/t(w) spectra at room temperature show a broad 
peak around 1000 cm" 1 . With T decreasing, the scat- 
tering rate in far-IR is significantly suppressed, while 
the peak intensity is enhanced and the peak position 
shifts to higher frequencies. The non-monotonic form 
of the 1/t(ui) observed in all crystals with y < 6.5 is 
significant. Indeed, the negative slope (or peak struc- 
ture) of the 1/t(u>) at high frequencies is inconsistent 
with a single-component description of the electromag- 
netic response. This statement become readily appar- 
ent, for example, after a brief inspection of the Allen's 
formula developed within the framework of the electron- 
boson scatteringi2Si2& 



1/tH 



2tt 



du'(uj - uj')a 2 F(uj') + 



l 



(3) 



where a 2 F(uj) is the electron-boson spectral function and 
l/Timp is the impurity scattering. Because of the integral 
relationship between 1/t(u>) and a 2 F(oj) the slope of the 
scattering rate spectrum cannot be negative. Therefore, 
the non-monotonic dependence of 1/t{u>) at low dopings 
clearly indicates a breakdown of the EDM analysis (or 
single component analysis) to the heavily underdoped 
samples. This is hardly surprising given the fact that 
for the latter materials the two distinct absorption fea- 
tures are readily detected in the <j\{w) spectra. As the 
doping increases, the peak structures in the l/r(w) spec- 
tra are suppressed and shift to higher frequencies. At 
doping y > 6.5 the peaks disappear from 1/t(u>) mak- 
ing the slope in the 1/t(u>) positive at all frequencies. A 
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FIG. 7: Doping dependence of the superfluid density p s (filled 
symbols) and the coherent spectral weight W co h (open sym- 
bols) for a-axis data of a series of YBCO single crystals. Inset 
displays the ratio of p s and W co h- 



suppression in the far-IR 1/t(u>) at lower T is observed 
at all the dopings and merely reflects the narrowing of 
the coherent component in the conductivity data. 

We will now demonstrate that the gross features of 
both <j\(uj) and l/r(w) spectra described above can be 
qualitatively reproduced with a two-component scenario 
for the electromagnetic response. We modeled the co- 
herent contribution to the conductivity using the Drude 
formula with constant scattering rate r^: whereas mid- 
IR absorption was accounted for with a single Lorentzian 
oscillator [Eq. (2)]. Separate contributions due to these 
two components are displayed with the dotted and dot- 
dashed lines in the left panels of Fig. 6. The corre- 
sponding form of the l/r(w) spectra is presented in the 
right panels. First, we fitted the experimental <J\(ui) for 
y = 6.35 with the form of Eq. (2). Table II summarizes 
the fitting parameters. The parameters of the mid-IR 
contribution remained unchanged for modeling both the 
293 K and 10 K data; the width of the Drude contri- 
bution was reduced to account for the narrowing of the 
coherent mode in the low-T spectra. As clearly seen in 
Fig. 6(b), the modeled scattering rate 1/tm(w) reason- 
ably reproduces the experimental data [right panel for 
y = 6.35 in Fig. 3] including the broad peak structure 
and its T-dependence. We believe this outcome of the 
fitting procedure is rather natural since the two com- 
ponent absorption is evident in the heavily underdoped 
region directly in the conductivity data. 

Encouraged by the success of the two-component de- 
scription of the data at very low dopings we applied Eq. 
(2) to model the spectra obtained for the y = 6.65 crystal. 
We found that the frequency dependence of the modeled 
spectra 1/Vm(w) as well as their temperature dependence 
reproduce the key characteristic features of the experi- 
mental data in the pseudogap state [right panel for y = 



6.65 in Fig. 3]. Naturally, the low frequency suppression 
of 1/ t(u>) is associated with the development and narrow- 
ing of the coherent mode. Only a minute T-dependence 
of 1/t(u>) at frequencies above 500 cm -1 is accounted 
for by the mid-IR band which is essentially independent 
of temperature. We wish to emphasize nearly linear fre- 
quency dependence of the modeled 1/t(u>) spectra in Fig. 
3. This frequency dependence is often regarded as one of 
the most anomalous features of the normal state response 
of of High-T c superconductors. Our modeling shows that 
this may be a trivial outcome of the two-component char- 
acter of the electromagnetic response. Note that in these 
calculations we employed the simplest model possible: 
one Lorentzian oscillator and a Drude mode with the 
single temperature dependent parameter Tp. Obviously, 
improved fits can be obtained with more flexibility in the 
choice of the parameters. Nevertheless, it became possi- 
ble to reproduce all important trends in the data using 
this simplest approach. We therefore conclude that the 
two-component model offers a sufficiently accurate de- 
scription of the totality of experimental data including 
the response in the pseudogap state whereas the single- 
component approach clearly breaks down for doping be- 
low y < 6.5. 



V. NODAL METAL IN THE 
SUPERCONDUCTING STATE 

We now focus on the transformation of the optical con- 
ductivity below T c . A salient feature of all superconduct- 
ing crystals is a depression of cri(w) in far-IR region at 
T < T c with the transfer of the "missing" spectral weight 
to superconducting <5-peak at to = 0. This is in accord 
with earlier experimental work reviewed in Ref. 27. In- 
frared experiment enables reliable extraction of the su- 
perfluid density p s from the optical constants^ In Fig. 7 
we plot the doping dependence of the superfluid density 
obtained for the series of samples that we have investi- 
gated. One find that p s does not exceed the coherent 
contribution to the conductivity W co h- The latter weight 
can be evaluated from integration of the conductivity up 
to 600 cm -1 : the frequency range where the coherent 
component dominates in the optical response. 

One interesting observation pertains to the frequency 
dependence of the ui(lu) for y — 6.65 and 6.75 obtained 
just above T c and at 10 K. The form of these spectra is 
very similar and the only difference is in the diminished 
spectral weight in the 10 K data fully accounted for by 
the area under the (5-functioni^S^S New results reported 
here for even lower dopings: y = 6.50 and 6.55 (Fig. 8) 
uncover several unexpected features. We present these 
spectra on the log scale in order to clearly display both 
the coherent contribution to the conductivity as well as 
mid-IR band. Notably, the two absorption structures are 
well separated one from each other at these lower dop- 
ing. This circumstance allows one to evaluate the role of 
both of these conductivity channels in the formation of 
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FIG. 8: Spectra of the o-axis conductivity cti(u>) for y = 6.50 
[top panel] and 6.55 [bottom panel] at T <C T c (thin lines) 
and T ~ T c (thick lines). 



superconducting condensate through the examination of 
spectral features rather than through the evaluation of 
the integrated spectral weight as in Fig. 7. The super- 
conducting state spectra show that the spectral weight 
associated with the coherent component has been signif- 
icantly diminished. Changes of the optical conductivity 
are primarily confined to the frequency range determined 
by the magnitude of the scattering rate in the T ~ T c 
curves. We do not observe any significant depletion of the 
conductivity associated with the mid-IR band at T < T c . 
We therefore conclude that the dominant contribution 
to the superconducting condensate originates from the 
coherent quasiparticles on the Fermi arc. 

In the superconducting state spectra plotted in Fig. 8 
one can identify a gap- like threshold structure in <j\ (w) at 
~ 100 cm -1 for y =6.50 crystal and at ~ 220 cm^ 1 for y 
— 6.55 sample. These features are not seen at T > T c and 
gradually develop with temperature lowering below the 
critical value. We assign this structure with supercon- 
ducting energy gap. This assignment is warranted since 
these low-energy structures are well separated from all 
other absorption features. We also point out that the su- 
perconducting state conductivity remains finite down to 
the lowest energies. This is in the qualitative agreement 
with the expected theoretical behavior for dirty d-wave 
superconductor,-- Alternatively, finite residual conduc- 
tivity below the superconducting gap can be attributed 
to the tail of mid-IR band extending down to the low- 
est frequencies and/or inhomogeneous superconducting 
condensate 4 ^. 



VI. MAGNETIC RESONANCE IN THE 
IN-PLANE CHARGE DYNAMICS OF YBCO 

An important aspect of charge dynamics of cuprates 
is the possibility of QP's coupling to collective 
modes. A well-known example is the so-called Hol- 
stein bands arising in systems with strong electron- 
phonon interactioniSi 4 ^ 3 ^ It was suggested early on 
that deviations of the in-plane optical conductivity of 
cuprates from conventional Drude form may originate 
from coupling to a bosonic mode4^ Later analysis of 
the <r(u;)22i2iMSi has indicated that the relevant mode 
in cuprates may be related to the so-called 41 meV 
magnetic resonanc e) 47 ' 48 observed in neutron scattering 
experiments. One appeal of the strong coupling ap- 
proach is in its well-defined predictions, not only for 
IR experiments ) 32 ! 34 but also for data generated with 
other spectroscopic techniques including angle resolved 
photoemission spectroscopy (ARPES) 49 i 50 as well as 
tunneling i 51 ' 52 At least in the case of the optimally doped 
YBCO and Bi 2 Sr 2 CaCu20 8+ 5 (Bi2212) superconductors 
this analysis indeed provides a consistent account of the 
above mentioned spectroscopies based on the idea of QP 
coupling to a magnetic resonance. Recently, the role 
of magnetic resonance in QPs dynamics has been chal- 
lenged. An examination of ARPES experiments has sug- 
gested that the totality of data is better described in 
terms coupling to phononsS and not to magnetic exci- 
tations. This claim is not supported by the IR studies 
of isotopically substituted YBCO which show no isotope 
effect for the feature in quest ion i^ 4 ^ 

Insights into strong coupling effects may be gained 
from studies of the QP dynamics in magnetic field. The 
rationale for this approach is provided by the work of Dai 
et al. who discovered that the intensity of the magnetic 
resonance in the y = 6.6 YBCO crystal (T c — 62.7 K) 
is suppressed by 20 % in 6.8 T field applied along the 
c-axis§&. Other candidate excitations including phonons, 
or the continuum of spin fluctuations, are unlikely to be 
influenced by a magnetic field of similar modest magni- 
tude. For this reason an exploration of the field-induced 
modifications of the electronic self-energy enables a di- 
rect experimental inquiry into the role of the magnetic 
resonance in QP properties and on a more general level, 
into an intricate interplay between superconductivity and 
magnetism in cuprates. 

In order to quantify the magnitude of possible EC- 
induced changes in the reflectivity spectra we adopted 
the following procedure. We first extracted the spectral 
function a 2 F(uj) from the zero field data for y = 6.65. 
The detailed method is published elsewhere^ An ex- 
tracted spectrum shows fair agreement with experimental 
results for the spin susceptibility obtained from in- 
elastic neutron scattering (INS) experiments [open sym- 
bols in Fig. 9(e)] ^ Specifically, both the peak at 250 
cm -1 and a broad background of the INS data is re- 
produced through this analysis. We then reduced the 
intensity a 2 F(uj) by 20 % without modifying the broad 
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FIG. 9: (color online) Low temperature reflectance spectra 
(top) R{oj), (middle) 1/t(u>) spectra and (bottom) a 2 F(uj) 
data for y = 6.65 YBCO single crystal at all 5 K. Red (thin) 
lines: H = T; blue (thick) lines: H = 7 T. Left panels: 
experimental results. Right panels: model spectra calculated 
using the protocol described in the text. The a 2 F{uj) data ex- 
tracted from the H = T and 7 T spectra are nearly identical. 
Inset in (b): AR(lo,H) = R(lo,7 T)/R(u, T). Sharp spikes 
in the high field spectra are due to absorption in the win- 
dows of our cryostat. To calculate a 2 F(u>) we used A = 180 
cm -1 . Also shown with open symbols in panel (e) is the spin 
susceptibility x( w ) from the INS data reported in Refi— for 
y = 6.6 (T c = 62.7 K) single crystal. The x( w ) spectrum is 
similar to the experimental result for a 2 F(u>) obtained from 
the inversion of IR data. 



background in accord with INS measurements^ Using 
the spectral function with the suppressed intensity we 
calculated 1/t(w, 7 T)j51 and also m*(w, 7 T) with the 
help of Kramers-Kronig analysis. Finally, a combination 
of 1/t(uj, 7 T) and m*(uj, 7 T) allowed us to generate 
the reflectance spectrum R(lo, 7 T) [blue (thick) line in 
Fig. 9(b)]. Comparing this final output of modeling with 
the experimental curve for H = one finds that the ef- 
fect of the applied magnetic field is rather small in the 
far-IR but exceeds 5 % at frequencies above 800 cm -1 . 
Moreover, anticipated changes of reflectance exceed the 
conservative estimate for the uncertainty of R(lu,H) in a 
new apparatus we have developed for infrared magneto- 
optics^ and therefore could be readily detected. 

Representative results are displayed in Fig. 9. Here we 
plot the raw reflectance spectra measured at T = 5 K for 
y — 6.65 crystals. The spectra for the latter material are 



in good agreement with the earlier studies of YBCO with 
similar oxygen content. 25 . In our magneto-optics appa- 
ratus we are capable of measuring the absolute values of 
reflectivity in the magnetic fields For y = 6.65 system 
we found that the field-induced changes of the reflectivity 
are negligibly small either under zero-field cooling or un- 
der in-field cooling conditions. The same instrument was 
successfully used to monitor transitions between the Lan- 
dau levels in graphite which produce only weak changes 
of R(ui) comparable to anticipated effect in YBCOiS We 
also repeated measurements for y = 6.50 crystal and did 
not detect significant field-induced changes of reflectance 
in mid-IR. These results call for a revision of the promi- 
nent role of magnetic excitations in QPs dynamics. 



VII. DISCUSSION 

A. Two-component quasiparticles dynamics of the 
nodal metal and the pseudogap crossover 

The key experimental finding of this work is that 
the gross features of the low-temperature electrodynam- 
ics in YBCO are adequately described within the two- 
component model (Eq. 2). This simple description holds 
throughout an extended region of the phase diagram from 
AF-ordered phases to d-wave superconductor. The sep- 
aration between the coherent Drude contribution to the 
conductivity and mid-IR band is most evident in the low- 
T response at very low dopings. This aspect of electro- 
dynamics is not specific to YBCO but is also common 
to the LSCO systemic as well as for the electron-doped 
Nd 2 - a; Ce a ;Cu04 system i 61 ' 62 ! 63 As doping increases the 
spectral weight associated with both the coherent compo- 
nent and mid-IR band is enhanced (Fig. 10). Moreover, 
the mid-IR band systematically softens with increasing 
doping. The net result of these effects is that the two 
contributions merge and can no longer be separated be- 
yond a certain doping level (y > 6.75 in YBCO and x > 
0.125 in LSCO). We therefore conclude that the doping 
dependent evolution of optical spectra appears to reflect 
a generic property of cuprates. 

Our experiments unequivocally show that at the pseu- 
dogap boundary of the phase diagram the charge dy- 
namics of the C11O2 plane experiences a crossover from 
a single-component type to two-component response of 
the nodal metal. Moreover, we find that at T < T* 
both transport and spectroscopic properties are consis- 
tent with the Fermi liquid (FL) theory. 6 - This conjecture 
is supported by the Drude frequency dependence of the 
optical conductivity as well as by the T 2 form of the 
resistivity 12 plotted in Fig. 11. A prerequisite for the FL 
theory is well-defined quasiparticle excitations. The ex- 
istence of such quasiparticles at T < T* is in accord with 
relatively large values of the electronic mean free path 
extracted from the analysis of the coherent component 
in the conductivity. 4 Further evidence for well-defined 
quasiparticles at T < T* is provided by observations of 
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bi-layer splitting effects both by ARPES 65 and by IR 
studies of the c-axis response*! 6 - Thus the totality of the 
experimental data suggests the Fermi liquid nature of the 
nodal metal. 

Attributes of the FL dynamics of the nodal metal are 
most vivid in the temperature-doping parameter space 
where the coherent contribution is energetically sepa- 
rated from the incoherent mid-IR band. Photoemis- 
sion experiments for the LSCO system conclusively show 
that this regime is realized when most of the Fermi 
surface is gapped and the only remaining portion is 
the arc formed around the nodal points&SLS However, 
the FL hallmarks can no longer be identified when the 
two-component behavior is terminated at the pseudogap 
boundary and the large Fermi surface is recovered. A 
corresponding feature of the optical data is the merger 
between Drude and mid-IR contributions, which is ade- 
quately described with the anomalous aj-dependence in 
1/t(oj), referred to as non- Fermi liquid. 28,69 Hall mea- 
surements for LSCO show a dramatic enhancement of 
the effective number of carriers participating in trans- 
port at the same boundary. In the earlier publication 
we have established a quantitative consistency between 
IR and Hall data^ Unfortunately, ARPES and high- 
temperature resistivity/Hall data are available only for 
LSCO system. However, close similarity between IR re- 
sults for both LSCO and YBCO (Fig. 10) prompt us to 
conclude that the above trends may be reflecting intrinsic 
properties of weakly and moderately doped Cu02 planes 
that are valid irrespective of a particular host material. 



B. The origin of mid-IR band 

The discussion in the previous subsection shows that 
the mid-IR band universally found in all high-T c su- 
perconductors is intimately involved in the pseudogap 
phenomenology and specifically in transport properties 
at high temperaturesi 7 *^ Moreover, the softening of the 
mid-IR band with doping resembles the decrease of pseu- 
dogap temperature T* as shown in the bottom panel of 
Fig. 5. In view of these preeminent roles of the MIR reso- 
nances it is prudent to inquire into the physics underlying 
this absorption feature. The form of the l/r(w) spectra 
for weakly doped YBCO resembles that of systems with 
spin- and/or charge density wave^i*21 This is a likely pos- 
sibility given overwhelming evidence for spin/charge self- 
organization effects in weakly doped phases^ Recently, 
charge ordering patterns have been directly detected us- 
ing scanning tunneling spectroscopy. 72-73 If the position 
of the mid-IR is chosen to characterize the magnitude of 
the electronic gap we find that u> m id = 7 — 9 fcgT*. This 
ratio is quite common for charge density wave states in 
solidsiZi 

Several other possible scenarios for mid-IR band are 
worthy of our attention. A detailed analysis of the elec- 
tronic structure of doped Mott insulators predicts several 
forms of bound states within the Mott-Hubbard and/or 
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FIG. 10: (color online) Evolution of the optical conductivity 
with doping in LSCO (left panels) and YBCO (right pan- 
els) series from Refi Data at 10 K is presented for non- 
superconducting crystals; data at T ~ T c are shown for su- 
perconducting materials (at T ~ T* for y — 6.75). For clarity, 
phonons were removed from all spectra by fitting them with 
the Lorentzian oscillators. The response of weakly doped sam- 
ples shows a Drude like behavior at low frequencies followed 
by a resonance in mid-IR. Red (light gray) and blue (dark 
gray) areas represent the Drude and mid-IR absorption modes 
in Eq. (2), respectively. 



charge transfer gapsS Then interband transitions in- 
volving these states may give rise to the observed effects 
in mid-IR. Recent ARPES results have reported that 
apart from the Fermi arc in the nodal region, the so-called 
flat band is formed around (tt, 0) of Brillouin zone at *~ - 
0.2 eV in heavily underdoped region and rises up to the 
Fermi level with the increased doping*^! Interestingly, 
this doping dependence of the flat band is reminiscent 
of the softening of the mid-IR absorption. A different 
view on the nature of the mid-IR structure is given by 
Lorenzana and Sawatzky who argued that this feature 
is due to a quasibound state of two magnons coupled to 
an optical phonon^ 6 - Alternatively, the multi-component 
response including the mid-IR absorption might be at- 
tributed to the real space electronic inhomogeneity oc- 
curring due to embedding of metallic regions in an insu- 
lating host. Near the percolation threshold the optical 
conductivity of such a system shows a Drude response at 
low energies followed by a featureless backgroundi 7 ^* 7 ^ 9 - 
Yet another possibility is that the mid-IR absorption is 
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FIG. 11: Independence in dc resistivity p dc (T) in the YBCO 
series. In pseudogap state (y = 6.65 and 6.75) the In- 
dependence is shown clearly. Even in heavily underdoped re- 
gion pdc(T) exhibits Independence at moderately high tem- 
peratures. It is noted that the cotangent of the Hall angle, 
cot0£f, also shows the T 2 dependence in the corresponding 
region, which implies that the scattering rate should follow 
the T 2 dependence. For detailed discussion, see Ando et ai, 
Phys. Rev. Lett. 92, 197001 (2004). 

produced by an incoherent band formed by the strong in- 
teraction of carriers with phonons 80 or spin fluctuation^* 
Finally, LeggetliS and Turlako\i§- discussed the plas- 
monic nature of the mid-IR spectral feature. Within this 
latter scenario sizable changes in mid-IR spectra below 
T c were predicted^* Experimentally, the temperature 
dependence of the mid-IR absorption is rather weaki-- 
While further studies on the origin of the mid-IR absorp- 
tion are needed, our findings strongly suggest that any 
explanation should take into account the correlation be- 
tween the formation of the mid-IR absorption and the 
development of the pseudogap. 

C. Self-energy effects in the quasiparticles 
dynamics. 

As pointed out in Section VI, reflectivity measure- 
ments performed in H || c field do not show noticeable 
changes at the mid-IR frequencies calling for a critical 
re-examination of the roles of magnetic excitations in 
quasiparticle dynamics. Specifically, IR data reported in 
Fig. 9 challenge the relevance of the resonance detected 
in the INS experiments to the electronic self-energy ef- 
fects in mid-IR. An issue of whether or not the magnetic 
mode seen by the INS is capable to seriously impact the 
electronic self-energy in view of only small intensity of 
the resonance has been contested in the literaturei* 5 **^- 
Our new results reported in Fig. 9 in conjunction with the 
INS experiments in high magnetic field challenge a pre- 
eminent role of magnetic resonance in electrodynamics 
of cuprates. More importantly, the self-energy interpre- 



tation of the IR data or the single-component approach 
appears to be in conflict with the main experimental find- 
ing of this work: the two-component nature of the elec- 
tromagnetic response. It is therefore imperative to take 
into account this other contribution before inquiring into 
the role of self-energy in the coherent component of the 
conductivity. 

As a note of caution it must be stressed that marked 
effects are not necessarily expected if the magnetic reso- 
nance broadens in the applied field. Since it is the inte- 
grated weight of the magnetic mode that is relevant for 
self-energy a simple smearing of the resonance is unlikely 
to significantly modify IR data. In this context we stress 
that INS results of Dai et al. suggest a reduction of the 
intensity of the mode and not its broadening. 56 If this lat- 
ter behavior is confirmed by future neutron studies, our 
observed behavior is incompatible with the spin exciton 
interpretation of the INS resonance mode. 



VIII. SUMMARY AND OUTLOOK 

We investigated the electromagnetic responses of a pro- 
totypical high-T c cuprate YBCO in a broad region of the 
phase diagram from the AF to the pseudogap state (y 
= 6.28 - 6.75). We focused on the analysis of the nodal 
metal phase that is characterized by a clear energy sepa- 
ration between the low-energy electronic states responsi- 
ble for Drude conductivity and higher energy excitations 
producing mid-IR structure in the optical data. We em- 
phasized close parallels in the IR data for YBCO and 
LSCO systems and concluded that the two-component 
characteristics may be generic for high-T c cuprates. At 
least in the case of LSCO, the two-component nature of 
the electronic excitations is also consistent with both the 
ARPES and transport results. 

A combination of transport and IR experiments has 
allowed us to identify several hallmarks of the Fermi 
liquid in the properties of the nodal metal. Interest- 
ingly, this rather conventional electronic behavior char- 
acterized with the high electronic mobility* and rela- 
tively low effective mass* extends to AF ordered phases. 
These latter findings clearly show that the transition 
from a nodal metal to a Mott insulator is of "vanish- 
ing carrier number" i** The above experiments also sug- 
gest that transport in nodal metals may be governed by 
excitations topologically compatible with an antiferro- 
magnetic background. Many of the doping trends re- 
ported here are consistent with the projected wave func- 
tions approach^ One conjecture reconciling anomalous 
trends seen in weakly doped cuprates is that the local 
environment of mobile charges in these systems remains 
unaltered with doping and it is only the phase space occu- 
pied by hole rich regions that is progressively increasing. 

We show that the pseudogap state in the generic phase 
diagram is associated with a crossover from the two- 
component conductivity of a nodal metal to the single 
component response at T > T* . In the vicinity of the 
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pseudogap boundary the effective number of charge car- 
riers contributing to transport and optics is enhancedii^ 
This indicates that the functional form of the dc resistiv- 
ity of cuprates pd c (T) is governed not only by the re- 
laxation processes but also by temperature dependent 
number of carriers. Even though the mid-IR band is 
contributing to transport at high temperature, the low- 
temperature properties of cuprates are dominated by 
nodal quasiparticles. In superconducting crystals the 
vast majority of the superfluid spectral weight is pro- 
duced by condensation of nodal quasiparticles. 

High-field magneto-optics experiments pose challenges 
for the interpretation of the IR spectra in terms of 
fcrmionic self-energy effects prompted by coupling of 
quasiparticles to a neutron resonance. In view of the 
two-component response documented here it is impera- 
tive to take into account the mid-IR contribution before 
the low-frequency data is employed to search for strong 
coupling effects. However, this task is connected with 
ambiguous procedures to remove the mid-IR contribu- 



tion from the data. We therefore have not attempted 
this analysis here. We note that the success of a sim- 
ple Drude+Lorentzian description of the data (Fig. 6) 
indicates that the self-energy effects in optics may be 
rather weak. It is therefore of interest to re-examine the 
self-energy correction in the results obtained with other 
spectroscopies. Measurements in magnetic field are of 
high interest in this context. While it may be impossible 
to carry out such experiments in the case of photoemis- 
sion studies, tunneling measurements appear to be well 
suited for this task. 
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